The nuclear quadrupole coupling constants from microwave spectroscopy (MW) and quadrupole resonance (NQR) for amides and thioamides are discussed in relation to Hartree-Fock calculations with and without Moller-Plesset correlation effects. The view that the larger dipole moments from thioamides than the corresponding amides is a function of enhanced resonance in the former is discussed and (in effect) confirmed by the present procedures. The principal mechamism seems to be the push/pull K/C effects of the N atom with respect to the CO and CS groups, with S being a better o-donor than O; however, the effect is still present with formamidine where no electronegativity effects are important, so the overall effect is the 2,1,17t-electron contribution to the allylic system from N, C, O(S). The use of localised MO's and NO's is described, and the centroid positions are discussed in relation to the polarity of the bonds. The LMO's largely truncate the contributions to each NQCC to the three attached bonds (or 2 bonds + a lone pair orbital at O or S), as is used in the Townes-Dailey procedures. More distant LMO's generally contribute < 0.05 a. u. to the EFG, simplifying the analysis. The effects of 0(or S)-protonation of urea and thiourea is discussed.
Introduction
We present a number of new theoretical studies on amides and thioamides using single molecule studies with large basis sets including electron correlation at the MP2 level. These studies concentrate on simple amides and thioamides, and in particular with formamide and thioformamide, acetamide, urea and thiourea and their methylated derivatives. The purpose of the investigation is to reconsider the anomalous 14 N quadrupole coupling in these molecules. The background to this matter is as follows. It is generally accepted that the electronegativity of oxygen is greater than that of sulphur; some typical values for elements relevant to the present discussion are: H 2.1. C 2.5 N 3.0, O 3.5 and S 2.5 all from the Pauling scale [1] , but other scales exist with similar interrelationships. Each of the above molecules has a 14 N centre and either a 17 0 or 33 S centre, all being quadrupolar. The gas phase and solid state 14 
in the first defining the magnitude order and the second is the Laplace relationship. \" is normally defined as the 'principal' value of the NQCC; we use these conventions here.
The MW data will normally lie in the inertial axis (IA, ii = aa, bb, cc) system, requiring a knowledge of the off-diagonal elements \ tj in order to obtain the principal EFG values (ii = xx, yy, zz), which are obtained directly in NQR. The principal NQCC (\") at 14 N in formamide [2, 3] is -3.848±0.004MHz while that in thioformamide is thought to be -4.2±0.6 MHz or alternatively -3.7±0.4 MHz [4] , a poorly determined comparison. However, the NQCC for urea (-3.51) [5 -8] is higher than thiourea (-3.12MHz) [9] , and this has been attributed to higher resonance in the latter than in the former [10] , It was assumed that the 0932-0784 / 96 / 0500-460 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72072 Tübingen higher at l4 N implies higher localisation. These results for amides and thioamides are apparently quite general and have become classic cases for use of the Townes and Dailey analysis with hybrid bonds [10] . We have previously discussed some of the differences between the gas-phase and solid state results for these molecules [11] , The change of phase from gas phase to polycrystalline solids does not change the orientation of the NQCC's [11] . Very detailed investigations of the crystalline field on the actual charge distribution in amides, as opposed to models of the charge, have been reported [12] .
The higher electronegativity of O than S should make the amide O a better electron acceptor than S of thioamide [4] , The dipole moments for formamide and thioformamide are 3.71 (6) and 4.01 (3) D, respectively, [4] with the same dipole moment order in acetamide and thioacetamide from solution measurements [13] . Both imply higher S polarisation than O. Also, 'H NMR studies for the hindered NH, rotation barriers [14, 15] show that the thioamides have higher barriers than the corresponding amide by about 8.5kJmoI -1 . However, the NC bonds in gaseous HCONH 2 and HNSNH 2 are effectively identical in length, implying equal CN bond order [4] , Thus we reconsider the charge distributions in amides and thioamides, ureas and thioureas and their methylated derivatives. In particular we will analyse the contributions to the dipole moment and the electric field gradient (EFG, q-) tensor and charge distribution on both a molecular orbital set of contributions, and a natural orbital set of increments from the MollerPlesset (MP2) correlated wave-functions. The MP2 correlation effects are qualitatively similar to the effects of 'singles and doubles CF (SDCI), but the MP2 studies include (a) full geometric relaxation leading to the correlated equilibrium geometry, and (b) MP2 includes all electrons. In conventional SDCI, the calculation is normally performed as a refinement to a wave-function at the SCF equilibrium geometry, and usually a sub-set of the electrons is included (such as truncation to an all-valence electron set rather than the full set).
Methods
The SCF wave-function is a single determinant which consists of a set of doubly occupied molecular orbitals (DOMO's) and virtual MO's (VMO's); each occupied MO pair make a contribution to the 461 total dipole moment (DM) or EFG. Thus by consideration of each MO. we can interpret the effect of the 7r-electrons separately, hence addressing the question of resonance contributions. A feature of the MP2 calculations is that the overall electronic wave-function (ty) is expanded beyond the SCF level (^0) by further determinants , etc.) containing 2-electron replacements of the SCF-MO's by the VMO's. The VMO's (the 'anti-bonding' set) play no role in SCF calculations but are included directly in the MP2 calculation as weighted terms through the density matrix. Summation of the contributions for each basis function from all determinants leads to the 'Natural orbitals' (NO's), with properties which can be analysed by electronic population or other methods. Thus the final MP2 natural orbitals contain contributions from all the MO's, but with high occupation numbers from the SCF-MO's and progressively lower contributions from the virtual orbitals (VMO's). As an example of the differences of atomic populations from MO's and NO's, the total 7t-electrons, strictly 4.000 e for SCF calculations on formamide, become slightly different (usually larger by incorporation of n* MO's). This leads to some rounding errors in the population analysis below.
All of these studies use the Hartree-Fock Method and involve all electrons in the system under consideration, and the full Hamiltonian operator of the non-relativistic Schrödinger equation is used. The only empirical parameters which are involved are the atomic orbital basis set descussed below. The first stage was to obtain the equilibrium geometry with the basis set and methodology (SCF or MP2); then the dipole moment and EFG components from the resulting wave-functions was evaluated.
The dipole moment components (r) and EFG tensor elements (q if , and q tJ , where ij are x,y, or z) are obtained from the electronic wave-function by means of the equations f = {%\r\ %),
The nuclear components are added, giving the resultant 'total' values for all terms. The EFG's are converted to NQCC's (\ l7 ) by means of the equation via the appropriate atomic quadrupole moment (Q z ) for 14 N, l7 0 or 33 S, as described below.
Basis sets and the Atomic Coupling

Constants (Q z )
The calculations were made with the GAMESS-UK programme [ 16] . We used Huzinaga/Dunning double zeta(DZ) [17, 18] and triple zeta with polarisation (TZVP) bases [ 19] . These are comparable with our previous work [20, 21] The principal results are shown in Table 1 (molecular equilibrium structural data), Table 2 (energies, dipole moment summaries and Mulliken orbital populations) and Table 4 (NQCC results and comparison with experimental data). More detailed analysis of the molecular orbital (SCF) and natural orbital (MP2) contributions are shown in Tables 3 and 5 for the dipole moment and EFG results. Early studies of this type are shown in [22] and later papers. In order to 
Results
The Equilibrium structures and a comparison with microwave and other experimental structures
The structures (Table 1) of both formamide and thioformamide are close to the MW substitution structures [4, 25, 26] , The MW spectrum of acetamide and other related compounds is complex owing to the coupling of Me torsion with NH 2 inversion [27 -29] but all of these amides have planar skeletons. The twisted form (NH, group perpendicular to the OCN plane) is a transition state [30] , and our own studies confirm this. The neutron diffraction structure for acetamide at -165°C, and the electron diffraction structures are close to the present structure, with the single exception of the CN bond, where the lengths are different by -0.029 and +0.014 A, respectively. Although structures for methyl-and dimethyl-formamides have been reported from x-ray diffraction of the liquid phases, the results are insufficiently well determined to be compared with the present work [31 -33] . In these studies, the HN and CO are trans in methylformamide [32] , A number of clathrate compounds with formamide and DMF solvation have been reported by x-ray crystallography, but it seems these are inappropriate for comparison with the present study. A wide series of 4-21G equilibrium structures has been reported [34] which contains amides, but little detail is given. In view of the probable steric hindrance, the calculations on both tetramethyl-urea and -thiourea were started with non-planar structures of C, symmetry; however, in both cases the out of plane torsion angles reduced to near zero, and lower energy minima were found with the planar structures, but with substantial CNC angle distortions and shortening of the CH bonds with closest H, H appoach. In both cases, the 'gear-wheel' conformation was chosen, such that one H was staggered with respect to those on the sterically closest approach. Two conformations are possible, with C s and C, symmetry. The two conformations differ in energy by 2.700 kJmol -1 , with the C s symmetry conformer being the lower in total energy. This is similar to many other CH 3 rotation barriers. 
The protonated forms of urea and thiourea
Compared with the neutral molecules, urea and thiourea, being O-and S-protonated, which is the stable form in each case, show the expected change of C=0 and C=S bonds towards C-0 and C-S, respectively, with a lengthening of 0.09 and 0.08 A, respectively, with corresponding shortening of the CN bonds by about 0.05 and 0.03 A, respectively, and slight inequalitities in the CN bonds through the reduction in symmetry from C 2v to C s .
Charge distribution in simple amides and thioamides
Mulliken Charge Distributions
In connection with ionisation processes [35, 36] , the claim has been made that the charge in amides and thioamides favours N over O, and S over N, respectively. Using the Mulliken analysis data from Table 2, we convert the set of charges, by summation around centres, into a set of 'bond dipoles', as reported previously [38 ,39] , either as total contributions or by partitioning the populations in K-and G-orbitals separately. For brevity only the TZVP/MP2 results are shown; the SCF results are similar, but with larger dipoles on almost all bonds. The more illuminating set are the separate K-and G-bond dipoles, and typical examples are shown in Figs, la to le. For example, with formamide ( Fig. 1 a) , the total bond dipoles show a drift of electrons, relative to the neutral atoms, from H to both C and N, and from N to C and O; however, the separate jr-bond dipoles are much larger than the total values, showing that the o-sets are polarised from O towards C and N, with the o-CO bond polarisation near O.lOe, and o-CN polarisation near 0.20 e. The K contributions are in the reverse direction and near 0.40 e and 0.25 e, respectively. In the following section the order of bonded atoms AB are in the sense 5+ and 8-, respectively. Minor non-integral numbers of Tt-electrons, arising from the MP2 method, are responsible for incomplete charge balances. These do not affect the conclusions, which relate to large shifts.
Thioformamide (Fig. lb) is similar in total bond dipoles to the O analog; the CS bond is polarised towards S by about 0.17e, the NC bond towards C by about 0.11 e, with the HC/HN bonds as previously. However, the 7t-electrons lead to bond dipoles on the CS bond of 0.39 e towards S, and the NC bond polarised towards C by 0.32 e. The G-components show a large polarisation of CS (0.22 e), with the negative end at C, with CN also polarised towards N by about 0.21 e. Thus the Mulliken bond dipoles clearly indicate the reason for the difference of the O and S series of dipole moments: the G-bond is much more strongly polarised in CSNH^ than in CONH-,, towards C from S and O, respectively.
The situation with the other molecules is similar to the above, and we choose cases where there are two NHo groups. In urea (Fig. Id and 4 ) the 7U-system is polarised towards O from N via C, with NC and CO bond dipoles of 0.18 and 0.49 e, respectively. The G-system has the reverse polarisation from O via C towards N, with components OC 0.13 and CN 0.19 e respectively. The thiourea (Fig. le and 5 ) Tt-system has N via C to S polarisation with bond dipoles of 0.24 e (NC) and 0.28e(CS), while the G-system has the S via C to N polarisation, with bond dipoles SC 0.27 e and CN 0.18 e, respectively.
It is clear that the enhanced transfer of electrons from N via C to S over N via C to O in the 71-system can be regarded as an enhanced resonance effect, as discussed previously. However, the effect is probably a "push-pull" mechanism; relative to C, N is a very strong G-acceptor, and S is a better G-donor than O, enabling the back-donation from N in the 7t-system to be enhanced in the S case. These effects are not based upon electronegativity alone however, since when formamidine is treated in a similar manner (Table 1 c and  6 ), the fact that the central C atom is now bonded to two N atoms, still leads to the G-bonding being polarised in the direction NH via C to NH^, with the 7t-bonding polarised in the reverse direction. Hence the effect seems to arise from the differential contribution of 27t-electron from the CO, CS and CNH groups, but 2rc-electrons from the N atom. Similar effects are apparent in our studies of esters and dithioesters, to be published later.
The O-protonated form of urea shows a loss of about 0.1 -0.15e from O, C and N, with the remainder being lost from the H-atoms; in thiourea the loss of density on the S atom is larger (0.4 e), but with similar changes at C, N and H to those for urea. However, the TT-density at O and S is larger in the protonated case than in the neutral one by nearly 0.3 e, showing that almost all the overall loss at these atoms is by additional o-bond polarisation. These all reflect the increase in delocalisation produced by addition of a proton, the CN/CO bond lengths changing toawards a more even set, with parallel changes in thiourea.
Dipole Moments; some general comments
In order to analyse the individual MO or natural orbital(NO) contributions to the overall dipole moment (or EFG tensor element), we must be aware of the nuclear terms, which depend upon the coordinate system used in the calculation. Here we use the 'centre of nuclear charge' system, in which the orientation of the molecule is chosen such that the origin is the centre of nuclear charge. It will be seen below that the average position of some core electrons is effectively the same as the coordinates of the atom concerned, but with a change of sign. The sum of the nuclear and electron terms defines the dipole moment. In Table 3 , we give both the NO contribution to the wave-function (in electrons), restricting to the largest terms, and the total contribution of that NO to the overall DM. The separate 7t-electron components are also given. The dipole moment component shown is for a total occupancy of 1-electron; hence the actual contribution to the dipole moment is the product of these x,y-figures with the NO occupancy. Examples with dipole moment and EFG tensor elements are shown in Figs. 2 to 6.
The TC-MO'S and NO's, which form an important part of the present discussion, are basically heteroatom substituted versions of the allyl anion (in the case of the amides and thioamides) and the trimethylenemethane dianion (for the ureas and thioureas); thus the Hiickel picture of the allyl anion has a bonded MO (71,, lb,) covering all centres, with no out of plane nodes, and a non-bonded (TC 2 ) MO with the centre atom nodal (la 2 ). These simple methods can be mapped onto the present methodology. We take the more general case of acetamide and thioacetamide in the present results. The acetamide TC-NO'S (Table 3) show that TC, has most of the total population in the CH 3 group, K-, on the N atom (and no nodes perpendicular to the molecular plane), while TC 3 is nodal between C and N, with populations mainly on the O-atom; residues lie in the CH 3 group. Thioacetamide has TC, localised 99% on S as 2p K , with TC 2 similarly 96% localised in the CH 3 group. TC 3 which compares with TC, in acetamide, is more evenly distributed with S, C(S), and N populations of 14, 34 and 49%. The highest TC-NO (TC 4 for thioacetamide), has population mainly on the S-atom. Hence the two highest occupied TT-orbitals for the pair of molecules behave similarly, being strongly polarised in opposite directions in each molecule. Taken together, the two NO's present a very similar total population pattern for amide and thioamide.
The urea and thiourea TC-MO'S are similar, and both related to the trimethylenemethane la" + le" MO's but with the latter split into lb, and la 2 . The C-, v structures lead to 1 a-, and its corresponding NO almost totally localised on N. There are significant changes in the TC-MO'S and corresponding TC-NO'S (Table 3) , with the nearly 3-fold symmetry of lb, at the SCF level being strongly mixed with 2b, at the MP2 level.
Total Dipole moments and experimental comparisons
Owing to low vapour pressures, several of the present compounds have been studied in solution rather than M W spectroscopy. Amides and thioamides are known from these measurements to self-associate in benzene, leading to problems with extrapolation of data to infinite dilution; however, dioxane appears not to show this effect. Thus the same authors found values for acetamide of 3.07 D (C 6 H 6 ) and 3.70 D (dioxane) [39] . The gas-phase value for the dipole moment is 3.68(3) D from the Stark effect on the MW spectrum [28] and close to our present MP2 value of 3.84 D. Hence we have some reservations regarding the substituted urea and thiourea values found experimentally. In the following discussion we concentrate upon the calculated MP2 values, unless otherwise mentioned. The results (Table 2) show that the DZ and TZVP bases generally lead to values larger than experiment at the SCF level, but these are reduced to close to experimental values at the MP2 level.
The calculated direction of the moments for both formamide and thioformamide are very close to the MW ones, and both lie close to the line from the midpoint of the (H 7 )NC bond and the O or S atom (Figs.  2 and 3) , respectively. Similarly the directions for the mono-and di-methylated formamides lie close to the N-0 atomic (nonbonded) axis. The electron diffraction structure for acetamide [29] , used as a template for the MW analysis, shows that the dipole moment for the molecule lies very close to the CO bond direction; the present work (MP2) finds an angle between the CO bond axis and the dipole moment of about 11.5°, with the tilt towards the CH 3 group. This is consistent with formamide and a CH 3 group replacement of the H atom, since the dipole moment for formamide lies by about 13.5° from the CO bond axis, and towards the H-atom.
The present results on total dipole moments agree with the experimental determinations as to the order formamide < thioformamide, urea < thiourea, tetramethylurea < tetramethylthiourea. There is every reason to think this is likely to be general.
Dipole moment G-and 7t-components
Comparison of the nuclear coordinate positions (Table 4a ) with the average positions (<er>) of the core and inner valence (e. g. 0 2s , N 2s ) electrons, for formamide and thioformamide, shows that these electrons are heavily localised, as expected. The change of sign arises from the electronic charge in <er> and addition of the nuclear and electronic components. The dipole moment, unlike the EFG, is invariant to the reference centre, but is conventionally determined at the centre of mass, as here. Formamide has a large H x component (the x-axis lies 8° from the CO bond), and small // v component; the sum over the first 5 n-NO's yields very small polarisation totals ( Table 4) , such that almost all of the total electronic components arise from G-bond polarisation. The value of the operator in (1) for each MO lies in the range ±3 a. u., and the contribution from the natural orbitals declines quickly, owing to the low NO occupancy. Hence summation of the first few terms is appropriate. Indeed, the average positions of the Ti-electrons, highly occupied 1 a" and 2a" shown in Fig. 1 indicates that the electrons lie very close to the midpoints of the CO and NC bonds respectively. This confirms the low polarisation of the 71-electrons; at the SCF level, the Tt-electrons are much more delocalised, with the centroids of the la" and 2a" MOs lying near the centroid of the NCO triangle. Thus the 7i-electrons do not behave as a group from the point of view of delocalisation, since for the allyl anion, which is isoelectronic but homopolar, the centroids of both lb, and la 2 would be at the central C-atom.
Comparison of thioformamide with formamide at the TZVP/MP2 level (Figs. 2 and 3) shows that the 71, NO lies very close to the S-atom (S lp7t ), n-, relatively close to the CN midpoint, but slightly off-the bond axis (towards the S side), while 7i 3 lies well off the internuclear axes, and close to the SN axis (Figure 3 ). Acetamide and thioacetamide show the same phenomenon; for the S-compound, 7t, (S 2pp ) lies close to the S atom, TU-,(CH 3 ) lies close to C Me , 7l 3 near the NC bond but closer to C than N. while 7T 4 lies well off the interbond axes and close to the SN axis. Acetamide has 7t, close to the CH 3 group, 71-, relatively close to the CN mid-point, while TC 3 is similarly near the CO midpoint. Whilst both 71, and 7C 3 are displaced from the corresponding internuclear axes, in contrast to those for formamide, the mean positions are well-separated from eachother. The fact that 7I 3 and 7T 3 in thioformamide and thioacetamide, respectively, lie so far off the bond axes, and relatively close to the SN axis, is a sign of strong delocalisation in these compounds, relative to the O-analogs. 
Localised molecular orbitals
Since the NO and MO EFG contributions are fully delocalised and do not offer a simple interpretation, we have converted the NO's to localised orbitals (LMO's) [40] . This technique, usually employed with the SCF MO's [41 ] , is useful in cases where the presence or absence of bonds is important; the technique maximises the distance between the centroids of the electron pairs by an orthogonal transformation of the density matrix. In effect, the LMO is a conversion of the delocalised MO's (an N x N AO by MO matrix) to a set of N off-diagonal terms. The EFGs are then evaluated from the resulting wave-function. A feature of O/7I-systems is that such localisations with the total wave-function in one stage leads to G+71 MO's forming 'banana bond' pairs [42] , which by definition have centroids at the same in-plane position, but above and below the plane. This is overcome by separate localisation of the G-and 7I-MO's or NO's. Another feature of this transformation is that lone pair MO's on carbonyl groups, which are usually defined by a, and b 2 symmetry adapted MO's, mix to form 'rabbit ears' pairs; these are totally equivalent in density terms but unhelpful for spectroscopic purposes. For further discussion of the role LMO's can play in (photoelectron) spectroscopy, see [46] .
In the cases shown (Table 5) we have given a set of NO contributions for selected molecules, such as formamide and thioformamide, and the nuclear and electronic terms leading to the total tensor elements for all molecules. This is followed by the principal contributors to the EFG; \u l ess th an 0.05 are excluded, except 7U-NO contributions. Small differences occur between the LMO totals in Table 5 and those for NO's in Tables 4 and 5 . These arise from truncation of the summation of terms in the LMO to the large (SCF occupied) components only. 
LMO for thioformamide, thiourea and their methyl derivatives
The a-and rc-LMO's of the SC bonds are at 0.90 and 0.54 A from the S atom, so that the centroid of the G-bond is closer to C than the midpoint. The LP S LMO's are again nearly equivalent, with distances of 0.52 Ä from S and making C-S-LP s angles of 105°. The G-and 7T-LMO of the CN bonds are 0.57 and 0.19 A from the N atom, both slightly larger than in formamide under the same level of calculation. This is consistent with the slightly higher electron donating effect of N in the thio-compound. The situation with thiourea is similar to both thioformamide and urea; the G-and 7T-LMO of the SC bonds are at 0.94 and 0.40 A from S, with a C-S-LP s angle of 103°. Sprotonation of thiourea gives a structure with HSC angle 105° and the C-S-LP s angle 128°; The G-and 71-LMO centroids for SC are 0.96 and 0.19 A from S, again showing quite high ^-localisation on S, with the G-bond centroid closer to C than S.
Electric Field Gradients and derived NQCC
In previous papers we have discussed the effect of condensation on the NQCC at 14 N, in the light of monomer calculations which compare with the gas phase molecules, and cluster or lattice calculations, both of which refer to the condensed phase [11, 12] . The present results include systems such as formamide, acetamide, urea and thiourea, where we have previously discussed the relationship of the Hartree-Fock SCF results to experiment. We do not add to that discussion here except for a few points in relation to the MP2 correlated calculations. First, the magnitude of the EFG at almost all nuclei and almost all molecules is reduced; hence the NQCC are numerically smaller for the MP2 calculations, and the use of the 'best values' for the atomic quadrupole coupling constants (Q z ) already brings the results into the area for agreement with experimental gas-phase work, without 'scaling' (as was necessary with the DZ-SCF results). In only a few cases, largely restricted to l7 0 NQCC's, are the individual NQCC's changed in order between the TZVP/SCF and TZVP/MP2 calculations, but the DZ to TZVP change leads to more interchanges in \ (7 . Further discussion of the results in Table 4 in relation to NQR studies, where the single molecule calculations have limited applicability, are delayed to a following paper using lattice calculations [45] , 2.4. 1 . The MO, NO and LMO contributions to the EFG For (x,y) planar molecules, the EFG (3 x 3) matrix has one off-diagonal element (q xx ). The diagonalalised tensor in general has non-zero nuclear and electronic q xx but the sum is zero, and this is shown in Table 5 . Normally the values obtained for the individual MO's are based upon a 1-electron occupancy and are then multiplied by the occupation numbers for the MO (2 or 0). Many examples of MO contributions in such cases have been reported previously [46, 47] . When MP2 correlation is employed, the occupancy varies widely but again the NO contribution is the product of the occupancy and orbital contributions. The delocalised NO's, like the starting MO's, show many orbitals making EFG contributions. The LMO's largely remove this tendency, and reduce the main terms to just 3 bonds (or 2 bonds and a lone-pair at O or S). Hence the data in Table 5 is limited to those LMO's, together with the other JI-LMO'S.
The first thing to emerge from Table 5 is the strong relationship to the Townes-Dailey theory; the LMO contributions show very uneven values for the individual EFG components, as evidenced by the NH bond contributions. This is because of the very differing contributions of the nuclei to the nuclear part, owing to different geometric positions. It is possible to make some general conclusions about the EFG LMO components, especially in the out-of-plane (oop)directions, since these are invariant to rotation of the molecule around the oop-axis. Both in Tables 4  and 5 , xr, yy, zz are used strictly according to (1) and do not refer to the molecular coordinate system. Detailed analysis of the EFG tensor elements from the LMO's (Table 5) shows that the out-of-plane components (71-NC) at i4 N, q.. are large and positive, and generally close to +1.7 a. u. for each of the formamides. The three G-bonded components (G-NC, NH c and NH T ) are all similar and close to -0.5 a. u. The resultant of the 4 terms (+0.21 a. u.) lies close to the total electronic component but is reduced further by the more distant terms. Together with the positive nuclear components, these lead to the observed negative NQCC at these centres. The contributions to <7_. from the NH and NMe groups are all similar. When we compare with urea, the three G-bonded components are still similar, but n-NC has increased slightly, which with the positive nuclear component leads to a higher (negative) NQCC. A similar comparison of formamide with its thio-derivative again shows that the oop-components are very similar in their effect on \", namely close to -0.5 a. u. for NH and G-NC, while 71-NC is lower at +1.69a.u.; again not all the electronic component can be accounted for by the 4 LMO terms. The full resultant, with a slightly larger (positive) nuclear component, leads directly to the smaller (negative) NQCC at l4 N in the thioamide (Table 4) . Finally, the comparison of urea with thiourea again shows that q.. derived from the 7T-OC versus 7T-SC LMO's is slightly larger (positive) in the O compounds, although a full analysis with the nuclear component is required to give a detailed picture.
Conclusions
We have obtained equilibrium structures with large (TZVP) basis sets at the MP2 correlated level. The resultant wave-functions, the natural orbitals, show that the primary contribution other than the SCF determinant consists of determinants, where one of the o-MO's is doubly replaced (i. e. both electrons) by a 7t*-MO, with resultant loss of some G-electron density. Hence the total Tt-occupancy is very slightly above the classical picture of 471-electrons for an amide group. The molecular structures are close to experiment in the few cases where MW and ED data are available. The tetramethyl urea and thiourea molecules still retain a planar skeleton, but with significant distortion of the CNC and HCN angles, when a gear-wheel conformation is adopted.
The dipole moments are dissected (Fig. 5) in terms of the average positions of the electrons for the NO's, and the push-pull mechanism for the allylic system seems to account for the higher dipole moments in thioamides than amides. The corresponding dissection of the formamidine system, where the electronegativity of the doubly bonded group is the same as that of the 27t-electron donor to the allylic system, shows that the matter is not just a result of the better Gelectron donation of S relative to O, since the same phenomenon occurs in the amidine. It appears to be an inevitable consequence of the 2,1,1 -n electron contributions of N,C and 0(or S) to the allylic system. The same approach to the urea and thiourea systems, which are perturbed examples of the trimethylenemethane system, is also successful.
The NO's localise readily to LMO's, and these account for the gross magnitudes of the electronic terms in the EFG. However, in the summation with the nuclear terms, the more distant centres still have some defining impact. Hence the general trends for l4 N NQCC to be higher in amides than thioamides. do emerge from the LMO analysis.
